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Abstract
We examined the macro-ecological and species richness correlates of the endemic mammal fauna
(Afrosoricida and Rodentia) of Madagascar. We divided the whole of Madagascar into 307, 50×50
km cells, and showed that there was a significantly uneven distribution of species across cells in
both Afrosoricida and Rodentia, with a higher number of species per cell in the former taxon (peaks
at around 19–21 species per cell in Afrosoricida versus 11–12 species in Rodentia). In each cell,
the number of Afrosoricida species was positively correlated with the number of Rodentia species.
Cell vegetation category affected species richness per cell in both Afrosoricida and Rodentia (ever-
green forest cells had higher species richness than cells of any other type of vegetation). There was
a significant effect of altitude category on species richness per cell in both Afrosoricida and Roden-
tia, with a confirmed Mid Domain Effect in both groups. Heterogeneity of habitat also influenced
significantly and positively the species richness per cell in either Afrosoricida or Rodentia. About
15% of Afrosoricida and 28% of Rodentia are threatened according to IUCN. The distribution of
threatened species of the two groups per cell showed (i) a low density of threatened species (just
one species per cell in most cases) and (ii) distinct patterns for the two studied groups. Afrosoricida
had two main regions where threatened species are concentrated (the evergreen forest belt in East-
ern Madagascar and the deciduous broad-leaf forest in Central-Western Madagascar). Threatened
Rodentia occur only in the portion of cells covered by evergreen forest, thus overlapping with part
of the region where also threatened Afrosoricida occur.
Introduction
Madagascar is a unique geographical region in terms of endemism (e.g.,
Pearson and Raxworthy, 2009; Vences et al., 2009), and also one of the
most important biodiversity hotspots because of the actual threatened
status of most of its natural habitats (Myers et al., 2000). For instance,
the whole Malagasy subcontinent has undergone large-scale deforest-
ation during the last 50 years (e.g., Green and Sussman, 1009; Harper
et al., 2007), and as a consequence heavy conservation threats have
emerged towards its species-rich endemic fauna (e.g., Smoth et al.,
1997; Andreone and Luiselli, 2003; Bollen and Donati, 2006).
Concerningmammals, the great majority of species is endemic (Gar-
butt, 1999, 2007), but studies exploring themacro-ecological correlates
and the conservation implications of their distribution have been focus-
ing mainly on lemurs and on other large-sized species (e.g., Smoth et
al., 1997; Mittermeier and Nash, 2006; Mittermeyer et al., 2008; Ger-
ber et al., 2010; but see also Lees et al., 1999). Studies of the same type
concerning the endemic Afrosoricida and Rodentia of Madagascar are
few (Lees et al., 1999). In this paper, we explore the geographical pat-
terns of distribution of these two mammal groups. We emphasize on
testing whether there are any specific nonrandom patterns explaining
the current distribution of Afrosoricida and Rodentia, and on the con-
servation implications of the patterns observed. More specifically, we
explore the habitat-related and altitude-related patterns of distribution
of the various species, with an emphasis on the eventual differences
between the two groups. In addition, we also offer the same type of ana-
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lysis for the species which are currently listed as threatened by IUCN
(2014.3; available atwww.iucnredlist.org), in order to highlight whether
there is any identifiable pattern that can have conservation and/or man-
agement implications.
Materials and methods
The geographical territory of Madagascar was divided into 307 cells
of 50×50 km area, using Quantum GIS (Quantum GIS Development
Team, 2015; freely available at http://www.qgis.org; Fig. 1). In each
cell, the vegetation type was assigned by using the map available at
http://www.wildmadagascar.org/maps/land_cover.html, and then trans-
forming it to a raster and geo-referencing it. Although blocks of a given
habitat were not so large than a 50×50 cell (and hence most of the cells
included more than one habitat type), we assigned each cell to the ve-
getation type that was the most represented in the given cell. Habitat
categories were categorized as follows: (1) savannah, (2) deciduous
broad-leaf forest, (3) mixed forest, and (4) evergreen forest. Savannah
was essentially grassy vegetation derived from pristine habitat altera-
tion, including deforestation. Deciduous broad-leaf forest is a tropical
dry forest ecoregion that is situated in the western part of Madagascar.
This type of forest is characterized by high numbers of endemic plant
and animal species; however it has suffered large-scale devastation due
to clearance for agriculture. Mixed forests include divergent types of
habitats such as spiny thickets, shrublands, and dry forests. Evergreen
forests, widely distributed in the eastern side of Madagascar, consist of
both broad-left and needle-leaf forest, which do not lose their leaves
during the cold season.
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Figure 1 – Map of Madagascar showing the cells used for our analyses, and the number of species present in each cell (A = Afrosoricida; B = Rodentia).
Figure 2 – Relationship between the number of Afrosoricida per cell and number of
Rodentia species per cell. For statistical details, see the text.
For each cell, we also assigned the most representative category
of altitude by using GIS vector data available at http://www.diva-gis.
org/gdata. The categories (m a.s.l) were as follows: (1) -8–548,
(2) 549–1105, (3) 1106–1660, and (4) 1661–2218. These categor-
ies were derived after exploring the frequency distribution of the vari-
ous elevational zones, and considering the discontinuities as the vari-
ous thresholds. Habitat heterogeneity was determined by calculat-
ing the number of habitat types within each cell, using the habitat
types available in the FAO map of Madagascar available at http://www.
wildmadagascar.org/maps/land_cover.html.
The list and distribution of species was compiled using Garbutt
(2007) and IUCN red list maps (www.iucnredlist.org), and using also
Wilson and Reeder (2005) as an integration. A few other recently
described species (Microgale grandidieri, M. jenkinsae, M. jobihely,
Macrotarsomys petteri, and Vohalavo anthsabensis) were omitted from
our calculations because they are presently known from less than 5 spe-
cimens, and therefore their distribution range is not known. Also, we
did not include in calculations the introduced species (e.g., Rattus rat-
tus, Rattus norvegicus, Mus musculus, and Suncus murinus).
Inter-cell differences in the species richness for the two studied taxa
were assessed by a Monte Carlo procedure of χ2 test, with 9999 iter-
ations. Differences inside each cell in the species richness of the two
groups were assessed by Wilcoxon paired test. Correlations between
number of Afrosoricida species per cell and number of Rodentia spe-
cies per cell were assessed by Pearson’s correlation coefficient. The
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Figure 3 – Mean (and dispersion measures) of species richness per cell in relation to vegetation category in Madagascar. (A) Afrosoricida; (B) Rodentia.
effect of cell vegetation and altitude categories on species richness per
cell were assessed by GLM with Poisson error structure, since counts
for species richness were used, and this variable was not continuous.
The correlations between heterogeneity of habitat and species richness
per cell were assessed by Spearman’s rank correlation coefficient. In
all cases, alpha was set at 5%, and the tests were two-tailed. Analyses
were performed with Statistica version 10.0 version and PAST 3 soft-
wares.
Results
Overall, our analyses are based on a total of 27 species of Afrosoricida,
1 of Soricomorpha (Suncus madagascariensis) and 25 of Rodentia. As
expected, there was a significantly uneven distribution of species across
cells in both Afrosoricida (Monte Carlo χ2=563.9, p<0.0001) and Ro-
dentia (Monte Carlo χ2=405.3, p<0.001). The number of species per
cell was generally higher for Afrosoricida than for Rodentia, with peaks
at around 19–21 species per cell in Afrosoricida versus 11–12 species
per cell in Rodentia (Fig. 2). Indeed, deeper inspection of data re-
vealed that, in each cell, there was a significant difference in species
richness of the two groups (Wilcoxon paired test: Z=14.6, p<0.0001).
The number of Afrosoricida and Rodentia species per cell were posit-
ively correlated (r=0.91, p<0.0001; Fig. 2).
Species richness per cell in Afrosoricida (Fig. 3A) was higher in
evergreen forest cells than in cells with any other type of vegetation.
Mixed forest cells had higher species richness than cells with savannah
and deciduous broad-leaf forests. A GLM model revealed that vegeta-
tion type significantly affected species richness (mean square=677.06,
df=3, F=9.081, p<0.005), as well as the interaction term vegetation
type × altitude (mean square=134.66, df=11, F=10.284, p<0.0001),
whereas elevation alone did not influence species richness (mean
square=235.49, df=5, F=2.84, p=0.062). Concerning Rodentia, a sim-
ilar pattern was also observed (Fig. 3B). In this case, only evergreen
forest cells had higher species richness than cells of any other type of
vegetation, whereas all other vegetation types were similar in terms of
their species richness per cell. A GLM model revealed that vegetation
type significantly affected species richness (mean square=233.12, df=3,
F=39.206, p<0.001), as well as the interaction term vegetation type ×
altitude (mean square=47.45, df=11, F=7.767, p<0.0001), whereas el-
evation alone did not influence species richness (mean square=71.55,
df=5, F=2.396, p=0.094).
For Afrosoricida, the species richness per cell was significantly
higher at 549–1105 and 1106–1660 m a.s.l. than all other categories
(Tukey test, all p<0.0001; Fig. 4A), and that the 1661–2218 m altitude
category cells contained significantly less species than all other eleva-
tion categories (Tukey test, all p<0.001). For rodents, the same trend
was confirmed: species richness per cell was significantly higher at
549–1105 and 1106–1660 m a.s.l. than at other elevations, and lowest
in cells situated at 1661–2218 m (Tukey test, all p<0.001; Fig. 4B).
Heterogeneity of habitat also influenced significantly and positively
the species richness per cell in either Afrosoricida (Spearman’s r=0.20,
n=308, p<0.001) or Rodentia (Spearman’s r=0.16, n=308, p<0.01).
A relatively low percentage of species is threatened according to
latest IUCN data (about 15% in Afrosoricida and 28% in Rodentia).
The distribution of threatened species of the two groups per cell (Fig.
5) showed (i) a low density of threatened species (just one species per
cell in most cases) and (ii) distinct patterns for the two studied groups.
Indeed, Afrosoricida had two main regions where threatened species
are concentrated, i.e. a large area characterized by evergreen forest,
Figure 4 – Mean (and dispersion measures) of species richness per cell in relation to altitude category in Madagascar. (A) Afrosoricida; (B) Rodentia.
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Figure 5 – Map of Madagascar showing the number of threatened species present in each cell (A = Afrosoricida; B = Rodentia). Threatened species were counted by following IUCN Red
List www.iucnredlist.org.
and another main area in Central-Western Madagascar with deciduous
broad-leaf forest. Conversely, threatened Rodentia occur only in the
portion of cells covered by evergreen forest, thus overlapping with part
of the region where threatened Afrosoricida occur (Fig. 5).
Discussion
Our study revealed several non-random macro-ecological patterns for
Malagasy Afrosoricida and Rodentia, some of them being expected on
the basis of available literature on other Malagasy vertebrates, but also
being rather unexpected (see below). To begin with, our study showed
that, despite the total species richness of Afrosoricida and Rodentia was
similar at the overall scale of Madagascar (e.g., Garbutt, 1999, 2007),
the number of Afrosoricida was significantly higher in each cell. This
pattern may arise from the remarkable differences in the average range
size of the two groups, with rodents showing significantly narrower
ranges than Afrosoricida species (Amori et al., unpublished data), and,
consequently, with several Afrosoricida being habitat generalists (e.g.,
Tenrec ecaudatus, Setifer setosus, etc). On the contrary, most of the
endemic rodents of Madagascar are specialized forest-dwelling species
(e.g., Nesomys rufus, Brachytarsomys albicauda; see Garbutt, 2007).
Evergreen forest cells clearly showed a higher richness of species
of both orders than cells with any other type of vegetation category.
However, for interpreting the above-mentioned pattern, it should be re-
minded that in a 50×50 km cell different habitat types can occur, thus
the results based on our method to assign habitat type must be con-
sidered with some caution. This result is clearly expected on the basis
of the available literature, as tropical evergreen forests are in general
among the most species-rich habitats of the whole world (e.g., Gentry,
1988; Phillips et al., 1994; Barlow et al., 2007 and later literature), and
the same was also true in Madagascar. For instance, Malagasy ever-
green forests represented the main species richness hotspots for such
distinct animals as butterflies, frogs, chameleons and lemurs (Lees et
al., 1999).
Concerning distribution along the elevation gradient of the two
mammal groups, we found clear evidence that the peaks of species rich-
ness tend to occur in mid-elevation cells, especially in conjunction with
forest ecosystems. We interpret this pattern as a case of mid-domain
effect. According to general theory, a mid-domain effect occurs where
landmass boundaries such as oceans and mountaintops limit species
ranges and the simple overlap of many, variously sized ranges, create
a peak in species richness at mid-elevation (Colwell and Hurtt, 1994;
Colwell and Lees, 2000; McCain, 2004). Similar cases of mid-domain
effect in small mammals were also documented for, e.g., the Philippines
(Heaney, 2001), Borneo (Md. Nor, 2001) and in Taiwan (Yu, 1994).
Heterogeneity of vegetation per cell also affected positively the spe-
cies richness per cell in both Afrosoricida and Rodentia. Also in this
case, our pattern can be reconducted to an explicit theoretical eco-
logical model that is the edge effect (Lidicker, 1999; Lettinen et al.,
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2003), with the linear trend in high heterogeneity peaks supporting a
hypothesis of a suite of interacting climatic/microhabitat variables in-
fluencing the pattern of biodiversity at a larger scale. As alternative
hypothesis, since 2500 km2 is a very large scale compared to small
mammals average range size, it is possible that a cell with two different
habitats should host more species than a cell with a single habitat type
simply because, to the number of species common to both habitats, it
can be summed the number of species living only in the first or in the
second habitat.
This result is somewhat counterintuitive if we think that the ever-
green forests are the most species-rich vegetation type in Madagas-
car, and that, therefore, cells dominated by only (large-sized) evergreen
forest habitat would have been predicted to be more species rich than
those with a suite of habitats (including smaller patches of evergreen
forest). We think that this pattern indirectly shows that forest-specialist
Afrosoricida and Rodentia do not need large forest patches to survive,
but also can occur in small and fragmented patches, thus being found
also in cells with a low percentage of territory being actually covered
by evergreen forest.
The correlation between the number of species of the two groups per
cell was likely dependent on the fact that the same main environmental
variables (and especially the main vegetation zones) drive the species
richness of the two groups. Indeed, evergreen forests contained by far
the higher number of species per cell.
Concerning the threatened taxa, the figures relative to Afrosoricida
and to Rodentia presented opposite patterns. On the one hand, there
was a remarkably lower percentage of threatened taxa amongMalagasy
Afrosoricida (about 15% of the species) than among the whole repres-
entatives of this order (31.5%, see Amori et al., 2014). On the other
hand, Malagasy rodents were remarkably more threatened in Madagas-
car (about 28% of the total number of species) than overall (15.9%, see
Amori et al., 2014). We interpret that also these differences may reside
in the higher specialization for forest habitats ofMalagasy rodents com-
pared to Afrosoricida, thus resulting in a higher global threatening risk
due to the current alteration status of the Malagasy forests (e.g., Green
and Sussman, 1009; Lowry et al., 1997; Harper et al., 2007). However,
a shared pattern between Afrosoricida and Rodentia resides in that al-
most invariably only one threatened species of each group occurs in a
single cell, with many cells across Madagascar housing a threatened
species. The consequence of this pattern is that there is no single area
of specially high conservation priority for the two investigated groups.
Nonetheless, there is a need of widespread and de-centered conserva-
tion effort in order to maintain and protect the threatened Afrosoricida
and Rodentia of Madagascar. In particular, it would be necessary to
concentrating field efforts in evergreen forests, not only in large but
also in smaller patches, in order to better explore the ecological correl-
ates of richness distribution in these two groups of mammals.
References
Amori G., Gippoliti S., Luiselli L., 2014. A short review of the roles of climate and man in
mammal extinctions during the Anthropocene. Rendiconti Fisica Accademia dei Lincei
25: 95-–99.
Andreone F., Luiselli L., 2003. Conservation priorities and potential threats influencing the
hyper-diverse amphibians of Madagascar. Italian Journal of Zoology 70: 53–63.
Barlow J., Gardner T.A., Araujo I.S., Avila-Pires T.C., Bonaldo A.B., Costa J.E., Es-
posito M.C., Ferreira L.V., Hawes J., Hernandez M.I.M., Hoogmoed M.S., Leite R.N.,
Lo-Man-Hung N.F., Malcolm J.R., Martins M.B., Mestre L.A.M., Miranda-Santos R.,
Nunes-Gutjahr A.L., Overal W.L., Parry L., Peters S.L., Ribeiro-Junior M.A., da Silva
M.N.F., da Silva Motta C., Peres C.A., 2007. Quantifying the biodiversity value of trop-
ical primary, secondary, and plantation forests. PNAS 104: 18555–18560.
Bollen A., Donati G., 2006. Conservation status of the littoral forest of south-eastern Mad-
agascar: a review. Oryx 40: 57-66.
Colwell R.K., Hurtt G.C., 1994. Nonbiological gradients in species richness and a spurious
Rapoport effect. American Naturalist 144: 570–595.
Colwell R.K., Lees D.C., 2000. The mid-domain effect: geometric constraints on the geo-
graphy of species richness. Trends in Ecology and Evolution 15: 70–76.
Garbutt N., 1999. Mammals of Madagascar. Pica Press, Sussex.
Garbutt N., 2007. Mammals of Madagascar: a complete guide. A & C Black, London.
Gentry A.H., 1988. Tree species richness of upper Amazonian forests. Proceedings of the
National Academy of Sciences of the USA 85: 156–159.
Gerber B., Karpanty S.M., Crawford C., Kotschwar M., Randrianantenaina J., 2010. An as-
sessment of carnivore relative abundance and density in the eastern rainforests of Mad-
agascar using remotely-triggered camera traps. Oryx 44: 219–222.
Goodman S.M., Soarimalala V., 2004. A new species of Microgale (Lipotyphla: Tenre-
cidae: Oryzorictinae) from the Forêt des Mikea of southwestern Madagascar. Proceed-
ings of the Biological Society of Washington 117: 251–265
Green G.M., Sussman R.W., 1990. Deforestation history of the eastern rain forests of Mad-
agascar from satellite images. Science 248: 212–215.
Harper G.J., Steininger M.K., Tucker C.J., Juhn D., Hawkins F., 2007. Fifty years of de-
forestation and forest fragmentation in Madagascar. Environmental Conservation 34:
325–333.
Heaney L.R., 2001. Small mammal diversity along elevational gradients in the Philippines:
an assessment of patterns and hypotheses. Global Ecology and Biogeography 10: 15–39.
Lees D.C., Kremen C., Andriamampianina L., 1999. A null model for species richness
gradients: bounded range overlap of butterflies and other rainforest endemics in Mada-
gascar. Biological Journal of the Linnean Society 67: 529–584.
Lethinen R.M., Ramanamanjato J.-B., Raveloarison J.G., 2003. Edge effects and extinction
proneness in a herpetofauna fromMadagascar. Biodiversity and Conservation 12: 1357–
1370.
Lidicker W.Z., 1999. Responses of mammals to habitat edges: an overview. Landscape
Ecology 14: 333–343.
Lowry P.P., Schatz G.E., Phillipson P.B., 1997. The classification of natural and anthro-
pogenic vegetation in Madagascar. In: Goodman S.M., Patterson B.D. (Eds.) Natural
change and human impact in Madagascar. Smithsonian Institution Press, Washington,
DC. 93-–123.
McCain C.M., 2004. The mid-domain effect applied to elevational gradients: species rich-
ness of small mammals in Costa Rica. Journal of Biogeography 31: 19–31.
Md. Nor S., 2001. Elevational diversity patterns of small mammals on Mount Kinabalu,
Sabah, Malaysia. Global Ecology and Biogeography 10: 41-–62.
Mittermeier R.A., Nash S.D., 2006. Lemurs of Madagascar. Conservation International,
Washington DC.
Mittermeier R.A., Ganzhorn J., Konstant W., Glander K., Tattersall I., Groves C., Rylands
A., Hapke A., Ratsimbazafy J., Mayor M., Louis E., Rumpler Y., Schwitzer C., Raso-
loarison R., 2008. Lemur Diversity in Madagascar. International Journal of Primatology
29(6): 1607-–1656.
Myers N., Mittermeier R.A., Mittermeier C.G., da Fonseca G.A.B., Kent J., 2000. Biod-
iversity hotspots for conservation priorities. Nature 403: 853–858.
Pearson R.G., Raxworthy C.J., 2009. The evolution of local endemism in Madagascar: wa-
tershed versus climatic gradient hypotheses evaluated by null biogeographic models.
Evolution International Journal of Organic Evolution 63: 959–967.
Phillips O.L., Hall P., Gentry A.H., Sawyer S.A., Vasquez R., 1994. Dynamics and species
richness of tropical rain forests. Proceedings of the National Academy of Sciences of
the USA 91: 2805–2809.
Quantum GIS Development Team, 2015. Quantum GIS Geographic Information System.
Open Source Geospatial Foundation Project. Available at http://qgis.osgeo.org
Smith A.P., Horning N., Moore D., 1997. Regional biodiversity planning and lemur con-
servation with GIS in Western Madagascar. Conservation Biology 11: 498–512.
Vences M., Wollenberg K.C., Vieites D.R., Lees C.D., 2009. Madagascar as a model region
of species diversification. Trends in Ecology and Evolution 24: 456–465.
Wilson D.E., Reeder D.R., 2005. Mammal species of the world: a taxonomic and geo-
graphic reference, 3rd Edn. John Hopkins University Press, Baltimore.
Yu H., 1994. Distribution and abundance of small mammals along a subtropical elevational
gradient in central Taiwan. Journal of Zoology, London 234: 577–600.
Associate Editor: D.G. Preatoni
57
